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ABSTRACT 



Aims. We focus on detecting and studying quasi-periodic propagating features that have been interpreted both in terms of slow 
magneto-acoustic waves and of high speed upflows. 

Methods. We analyze long duration spectroscopic observations of the on-disk part of the south polar coronal hole taken on 1997 
February 25 by the SUMER spectrometer aboard SOHO. We calibrated the velocity with respect to the off-limb region and obtain 
time-distance maps in intensity, Doppler velocity and line width. We also perform a cross correlation analysis on different time series 
curves at different latitudes. We study average spectral line profiles at the roots of propagating disturbances and along the propagating 
ridges, and perform a red-blue asymmetry analysis. 

Results. We find the clear presence of propagating disturbances in intensity and Doppler velocity with a projected propagation speed 
of about 60 + 4.8 km s _1 and a periodicity of « 14.5 min. To our knowledge, this is the first simultaneous detection of propagating dis- 
turbances in intensity as well as in Doppler velocity in a coronal hole. During the propagation, an intensity enhancement is associated 
with a blue-shifted Doppler velocity. These disturbances are clearly seen in intensity also at higher latitudes (i.e. closer to the limb), 
while disturbances in Doppler velocity becomes faint there. The spectral line profiles averaged along the propagating ridges are found 
to be symmetric, to be well fitted by a single Gaussian, and have no noticeable red-blue asymmetry. 

Conclusions. Based on our analysis, we interpret these disturbances in terms of propagating slow magneto-acoustic waves. 
Key words. Sun: corona — Sun: transition region — Sun: UV radiation — Sun: oscillations — Waves 
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1. Introduction 

Magnetohydrodynamic (MHD) waves are important candidates 
for the heating of the solar corona and th e acce leration of 
the fast solar wind dCranmerl l2009t lOfmanL l2010h . Recently, 
iMcIntosh et al.l d2011al) reported the ubiquitous presence of 
outward-propagating transverse oscillations with amplitudes of 
nearly 20 km s and period between 100 and 500 s through- 
out the quiescent atmosphere which they claim to be ener- 
getic enough to accelerate the fast solar wind and heat the 
quiet corona. Numerous reports on the detection of various 
MHD wave modes in differe nt parts of the solar atmosphere 
are present in the l i teratu re (iNakariakov & VerwichteL [2005; 
Bane riee et all I2007L 1201 lh . Depending on the modes of prop- 
agation, these waves can give a v ariety of signatures in vari- 
ous spectral line profile parameters dKitagawa et all 12010). The 
propagation of slow magneto-acoustic waves in the upper so- 
lar atmosphere gives oscillations in intensity as well as in the 
Doppler velocity with propagation sp eed less than or e qual t o 
the sound speed dBverlev et allll978tlEdwin & Roberts! 1 19831) . 
Based on these observational signatures, intensity oscillations 
with periods b etween 3 and 30 min observed in polar coro- 
nal holes (e.g iDeForest & GurmanL Il998fc l Ofman et all \l99^ 
iBaneriee et all 20091: iRrishna Prasad et al. , 201 lh and in active 
regio n loops (e.g., Berghmans & Clette, 1999; De Moortel et al 
2000] l2002t iKing et all l2003t iMcEwan & de MoortelL 1200 



Mcintosh etalll2008tlMarsh et all 12009: Stenborg et al., 2011 



From spectroscopic studies, similar oscillations were d e tected 
in intensity and D o ppler velocity (e.g ., lO'Sheaetall 1 2 001 



Wang et al., 2003a b; Gupta et al., 2009; Wang et al., 2009a 
Mari ska & MuglachL 120 1 ri iNishizuka & HaraL \20 1 ll) and were, 
again, mostly interpreted as slow magneto-acoustic waves. 

Recently, with imaging observations, propagating intensity 
disturbances with speed between 50 and 200 km s" 1 d e tected 
in active regions (e.g., ISakao etafl , 120071 : lHara et all [2008; 
Mcintosh & De Pontieu, 2009b) and in coronal holes (e.g., 
Mcintosh et all 120101 ; iTian et all 1201 lbl) were alternatively in- 
terpreted as recurrent high-speed upflows. At the same time, 
spectroscopic observations show blue wing as ymmetries in tran- 
sition region and coronal emis s ion lines (e.g.jDe Pontieu et aT 
20091 [Mcintosh & De PontieuL l2009"at iDe Pontieu & Mclntos 
2010; Mclnto shet alll201 lbtlTian et alll201 lal) which were at- 
tributed to the presence of ubiquitous high-speed upflows in the 
observed regions. These upflows could be recurrent phenomena 
and would cause qu asi-periodic oscillations in int ensity, Doppler 
velocity and width dDe Pontieu & Mclntoshll20lo|) . Thus, inter- 
pretation of the observed oscillations in terms of recurrent high- 
speed upflows have challenged the wave interpretation. 

Coronal holes are the source region of the high- 
speed solar wind and are associated with rapidly e xpand 



were interpreted in terms of slow magneto-acoustic waves. 



ing open magnetic fields ( s ee rev iew by Cranmer 



elds ( i 

ICranmer & van Balf egooiien (2005]) and ICranmer et all (2007 
describe the role of MHD waves in the heating of the corona 
and acceleration of the solar wind in coronal holes. Moreover, 
the presence of high speed outflows at the base of coronal holes 
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can provide hea t ed mass to the corona an d the fast solar wind 
dMcMosh et all 1201(1 iTian et all l2011bl) . Thus, detection of 
propagating disturbances in coronal hole would contribute to the 
understanding of the heating of the gas in the coronal hole and 
the acceleration of the fast solar wind, either in terms of propa- 
gating waves or high speed flows or a superposition of both. In 
order to distinguish between these scenarios, good spectroscopic 
observations of these features are needed. 

In this paper, we focus on very long duration 'sit-and-stare' 
mode spectroscopic observations of a polar coronal hole in or- 
der to identify propagating disturbances within our field of view 
and study their nature. We also look for the source and physical 
events responsible for these disturbances and the observed peri- 
odicity. In addition, we tested the applicability of the Red-Blue 
(R - B) asymmetry analysis to our dataset. 



2. Data reduction and analysis 

The data analyzed here were obtained on 1997 February 25 in 
the south polar coronal hole in 'sit-and-stare' mode with the 
Solar Ultravio l et M easurement of Emitted Radiation (SUMER, 
IWilhelmet all [1991 aboard SOHO. Two third of the SUMER 
slit was placed on-disk whereas the remaining part was off- 
limb. Observations started at 00:00 UT and ended at around 
14:00 UT with an exposure time of 60 s, recording the Ne vm 
770 A and N iv 765 A spectral lines in the first order of diffrac- 
tion on detector B. Fig. Q] shows the location of the SUMER 
slit in an image of the south polar coronal hole taken in the 
195 A passband with the Extreme ultraviolet Ima ging Telescope 
(EITlDelaboudiniere et ail 1 19951) aboard SOHO. IScullion et all 
(2009) also analyzed the same dataset to identify and character- 
ize jet events. 

Data were first decompressed, corrected for dead-time, re- 
sponse inhomogeneities (flat-field), local-gain depression and 
for geometrical distortion (de-stretching), using the routines pro- 
vided in SolarSoft. Single Gaussian fits were applied to obtain 
the line peak, Doppler-shift and width of each spectrum, thus 
obtaining distance-time (Y - T) maps of all three line param- 
eters. These maps show horizontal stripes due to residuals in 
the flat-field correction. Additionally, the Doppler-shift Y — T 
map shows slow variations with time due to changes in the in- 
strument temperature during the 14 h duration of the observa- 
tions and a trend along the slit due to residuals from the dis- 
tortion correction. Intensity and line width maps were divided 
by the normalized time-averaged profile along the slit. In the 
case of the Ne vm 770 A Doppler-shift map, the correction re- 
quires more care so as to retain the variations along the slit that 
are of solar origin (e.g., center-to-limb variations). The medium 
and large-scale variations along the slit due to residuals in the 
distortion correction was obtained from far-off-limb spectra in 
cold lines (pure stray-light), which were taken two days before 
at nearly the same detector position and then subtracted from the 
data. Small-scale (few pixels) residual effects were removed by 
further dividing the velocity map by the normalized, high-pass- 
filtered, time-averaged profile along the slit. Finally, to convert 
the Doppler-shifts into absolute Doppler velocities, we have set 
the average Doppler velocity in the off-limb part (between solar- 
Y « -990" and -1050") to zero in each frame (LOS motions 
are expe cted to average out a bove the limb in an optically thin 
plasma, Dosch ek et al. , fl976l) . This procedure also removes the 
temporal variation along the wavelength scale due to the changes 
in the instrument temperature. The Doppler velocity calibrated 
in this way gives an average outflow speed of about 2.5 km s _1 



in Ne vm in the on-disk polar coron al hole, consistent wit h previ- 
ous studies at similar latitudes (e.g JWilhelm et aTll2000h . Fig. [2] 
shows the resultant Y — T map obtained in normalized Ne vm 
770 A intensity. The left panel displays the normalized intensity 
variation along the slit. Many propagating disturbances (slanted 
ridges) in the on-disk part of the Y-T map can be seen in the 
right panel of Fig. [2] We identified one such region where these 
propagating disturbances are very clearly seen in most of the 
line parameters. This region is outlined with a white box on the 
intensity Y - T map of Fig. [2] For the remaining part of this 
paper we will focus our attention on this region. To see these 
propagating disturbances more clearly, one needs to remove any 
low-frequency changes in intensity, Doppler velocity and width 
from the time series. To do this, we have smoothed all the three 
Y — T maps using the boxcar size of [3,20] in pixel units and 
then subtracted it from the original maps. To get the relative 
change in intensity and width, we divided these quantities by 
the smoothed map, obtaining the resultant enhanced Y-T maps 
as shown in Fig. [3] Thus, the applied processing can be sum- 
marized as, 6L(t,y) - (L(t,y) - L(t,y))/ L(t,y) and 6v(t,y) = v(t,y) 
- v(t,y) where L stands for either intensity or line width, v for 
velocity, and L and v are the smoothed parameters. 

The solar rotation at X a 0", at date of observation, goes 
from 2.8"/hour at Y ~ -840" to l"/hour at Y « -940". These 
values are compara ble with, or smaller than, the SUMER spatial 
resolution of 2" dLemaire et all 1 1997b ensuring that the same 
location is observed for an adequate period of time. 



3. Results and discussion 

Distance-time maps of intensity and velocity (Fig. [3]) clearly 
reveal the presence of propagating disturbances with 5% to 
10% variations in intensity and 3 to 6 km s _1 changes in the 
Doppler velocity. To our knowledge, this is the first simulta- 
neous detection of propagating disturbances in intensity and 
Doppler velocity in a coronal hole region, in contr ast to earlier 
detections, which were restricted to active regions dWang et all 
l2009bHTian et alll201 lallNishizuka & Harall201 ll) . The slanted 
bright and dark ridges (blue and red, in case of Doppler veloc- 
ity) in the top two panels of Fig. [3] are found to move towards 
the limb (i.e. outward from the Sun) with a projected propaga- 



tion speed of 60 + 4.8 km s . In both these panels, white and 
black continuous lines indicate the expected trajectories of dis- 
turbances propagating at a 60 km s _1 and with a 14.5 min pe- 
riodicity. Clearly, enhancements in intensity are associated with 
blue-shifts (i.e. motion away from the Sun) whereas reductions 
in intensity are associated with red-shifts (inward motion). The 
speeds measured here are comparable to previously reported 
ones from Ne vm 77 A in a polar coronal hole, but off-limb 
(Ban eriee et all 120091) . Comparing all the Y-T maps, we deduce 
that these propagating disturbances are best visible in the zero-th 
moment of the spectral line (line intensity) followed closely by 
their visibility in Doppler velocity, but are less clearly evident 
in line width. In the velocity Y-T map, these propagating dis- 
turbances are seen better at lower latitudes and become fainter 
at higher latitudes (closer to the limb). This result explains why 
previous studies at higher latitudes and off-limb in polar coro- 
nal holes with the same Ne vm 770 A spectral line did not de- 
tect such disturbances in Doppler veloci ties, but only in intensity 
dBaneriee et all 120091: iGupta et al.Ll2010h . 

To demonstrate the typical phase relationships between dif- 
ferent spectral line parameters, the time series, as obtained for 
all the three parameters, are plotted in Fig. [4] at three different 
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Fig. 1. EIT/SOHO 195 A context image of the southern polar coronal hole showing the location of the SUMER slit. 
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Fig. 2. The left panel shows the normalized time-average intensity variation along the slit. The right panel depicts the intensity 
variation along solar- T with time, which is normalized by the time-averaged intensity variation along the slit. The white dashed line 
marks the location of maximum limb brightening, whereas the continuous box indicates the region chosen for detailed analysis. 



latitudes. The anti-correlation between intensity and Doppler ve- 
locity and the correlation between intensity and Doppler width 
are best seen in the top panel, but partly persist also at higher lat- 
itudes (lower panels). The strongest anti-correlation is between 
intensity and velocity (above 99% confidence level at almost all 
latitudes), followed by the positive correlation between intensity 
and line width (above 95% confidence level at almost all lati- 
tudes). However, here we wish to point out that error bars asso- 
ciated with line width from Gaussian fitting are larger than the 
amplitude of their variations, hence, no major conclusion can be 
drawn from the line width part. Also, there is no correlation ob- 
served between Doppler width and Red-Blue asymmetry maps 
obtained from the Ne vra 770 A spectral profiles. 

Recently, IWang et all d2009al) and IVerwichte etaTI d2010l) 
showed that the phase at which an outward propagating slow 
magneto-acoustic wave produces a blue-shift of the line profile, 
coincides with a density (i.e. intensity) enhancement, in agree- 
ment with Figs.[3]and|4] According to the distance-time (Y - T) 
maps in Fig. [3] and time series curves in Fig. [4] the enhance- 
ment in intensity is associated with a Doppler blue-shift. Thus, 
these disturbances are consis tent with an upwar d propagating 
slow magneto-acoustic wave (Wa ng et all l2009al) . Moreover, a 
projected propagation speed of about 60 + 4.8 km s _1 is sub- 
sonic (the sound speed Qs ~ 120 km s _I at the Ne vm 770 A 
formation temperature of 630 000 K). 

If these propagating disturbances were due to periodic 
plasma upfiows then we would expect that the highly blue- 
shifted velocity (about 1 to 18 km s~ 1 along the LOS for a radial 



structure making an angle of about 10° with the plane of sky at 
these latitudes for upfiows between 60 to 100 km s -1 ) associated 
to such upflow be on top of the average, slightly blue-shifted, 
continuous outflow typically seen in Ne vm in coronal holes. At 
the lower latitudes at which the disturbances are seen, the con- 
tinuous outflow speeds are small and true red-shifts are observed 
at some phases of the wave. This finding supports the notion that 
these propagating disturbances correspond to waves. However, 
we warn that this result depends sensitively on velocity calibra- 
tion, and the difficulty of EUV wavelength calibration reduces 
its reliability. 

We also looked for signatures of these disturbances in the 
transition region (N iv 765 A) to find indications of the physical 
event and source responsible for these disturbances. We could 
not find any propagating signature in any of the line parame- 
ters of N iv 765 A. However, the line width of N iv 765 A 
is enhanced at the location from where these propagating dis- 
turbances in Ne vm 770 A originate (bottom panel of Fig. [3). 
More precisely, patches of enhanced width of the N iv 765 A 
line appear to correspond to the blue-shifted phase of the Ne vm 
770 A line (see Fig. [3). This enhanced width at lower height 
indicates either unres olved small-scale r econnections associated 
with explosive events (llnnes et all 1 19971) happening at that place 
as evident from associated line width enhancement and Doppler 
blueshift of N iv 765 A profiles, or a local increase in turbulence. 
Thus, it may be possible that these propagating disturbances are 
triggered by such small-scale events causing the increased line 
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Fig. 3. Most interesting part of the enhanced distance-time map of the intensity (top panel), Doppler velocity (upper middle panel) 
and line width (lower middle panel) of the Ne vm 770 A spectral line, and map of the line width (lower panel) of the N iv 765 A spec- 
tral line. Propagating disturbances moving towards the limb are clearly visible in the top and middle panels and have a propagation 
speed of 60 + 4.8 km s _1 . White and black continuous lines in the top two panels are drawn to trace propagating disturbances with 
a period of 14.5 min. The bottom panel shows significant enhancements in line width at lower heights in the solar atmosphere, pos- 
sibly indicating either the occurrence of unresolved small-scale reconnections or explosive events, or a local increase in turbulence 
at the base of the propagating disturbances (marked with ellipses). 



width of transition region lines. However, also the reverse can 
be true, with a periodic burst of e xplosive events tr iggered by 
the waves, as has been proposed bv lNing et alJ (|2004). Note that 
relatively small increase in line width suggests that either these 
are rather weak explosive events, or that the enhancement in line 
width has a different cause. 

To check the influence of the propagating disturbances on 
the spectral line profiles, in the upper row of Fig. [5] we plot the 
averaged line profiles of N iv 765 A at the root of the propa- 
gating disturbances, i.e. at the locations at which N iv 765 A 
displays enhanced line width (the plotted profiles are summed 
over the areas marked with white ellipses in the bottom panel of 
Fig. [3]). In the lower row of Fig. [5] we plot Ne vm 770 A profiles 
summed along the top quarter (low-latitudes) of the propagating 
ridge, where enhancements in intensity and blue-shifted veloci- 
ties are clearly visible in Ne vm 770 A. The resulting profiles are 
ordered according to increasing time from left to right in Fig. [3] 
Each plotted profile is fitted with a single Gaussian and a con- 



stant background. The fit residuals are also plotted. The average 
reduced chi-square, %^ of four fits at the root of the propa- 
gating disturbances (in N iv 765 A) is about 1.65 and, together 
with the relatively consistent shape of the residual in all four 
profiles indicate the presence of a small blue-shifted component 
(confirmed by a double Gaussian fit), which is particularly evi- 
dent in the fourth panel from the left. The average x 2 red of about 
0.88 and shapes of the residuals together show, however, that 
the Ne vm profiles averaged over the blue-shifted ridges are well 
represented by a single Gaussian and leave little room for a sig- 
nificant second component. The presence of only one component 
may indicate that in this observation the background emission is 
weak, and most of the emission is coming from the oscillating 
coronal structure. 

In general, it is very difficult to uniquely fit two Gaussian 
components to all spectral profiles for the whole sequence. Such 
fits have multiple solutions, with the final solution depending on 
the initial guess of the line parameters and also on the constraints 
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Fig. 4. Time series of Ne vm 770 A spectral line intensity, Doppler velocity and width, which are obtained from Y—T maps at three 
different locations averaged over 3 spatial pixels. The measured Doppler-shifts are shown in km s _1 , while the other parameters are 
in relative percentage change. The zero-velocity line is also plotted to discriminate between red and blue-shifts. Linear correlation 
coefficients between different non-detrended time series curves are provided for each latitudes on the right side of each frame. The 
95% and 99% confidence level for linear correlation coefficients are about 0.217 and 0.284, respectively. 



applied to the fit. Thus, multi-Gaussian fitting with a unique set 
of initial guess parameters and constraints do not lead to any 
conclusive result. 

To further check for the presence of a second component, 
we also applied the Red-Blue [R - B) asymmetry analysis to 
all the Ne vm 770 A spectral line profiles. After obtaining the 
line centroids from a single Gaussian fit, the line profiles have 
been interpolated using linear and spline methods to a spec- 
tral spacing 10 times finer than the original one. We calcu- 
lated the R-B asymmetry at different velocities (Vrb) mea- 
sur ed from the respective line cent roid by using the formula (af- 
ter iDe Pontieu & Mcintosh! kOlOh . 



R-B = 



I(Vrb) - K-Vrb) 
I{V rb ) + I(-V RB ) 



(1) 



Here we integrated the intensity (/) of the interpolated profile 
over a narrow spectral range («; +1.7 km s~') at velocity (Vrb)- 
Values of the ratio in Eq. [T]give asymmetries whose sign fluc- 
tuates at different Vrb and from profile to profile, indicating no 
clear preference for a stronger red and blue wing. The R - B 
asymmetry maps did not reveal propagating signatures in any of 
the velocity bins. Yet individual line profiles, such as along the 
ridges of the propagating disturbance, still show a R - B asym- 
metry with max i mum a mplitude of +0.07 for Vrb < 150 km s _1 . 
Verwicht e et alj (1201 Ol) pointed out the blueward and redward 
asymmetry in the line profiles at crest and trough epochs of wave 
propagation, respectively. However, in our dataset we do not find 
any such preferred asymmetry in the line profiles at any point or 
epoch. 

To test whether the resultant R - B asymmetry values are 
significant and of solar origin, we performed a similar analysis 
on simulated line profiles. We generated a symmetric line pro- 



file (single Gaussian with constant background) with amplitude 
and FWHM similar to those in our dataset, but with spectral 
resolution ten times finer than the SUMER resolution. Finally, 
we added random noise to the signal in each data point, as- 
suming a Poisson distribution. From this high-resolution profile, 
we extracted several profiles with spectral sampling similar to 
SUMER by sampling every tenth data point with different start- 
ing points. Finally, we performed an identical R - B analysis on 
these simulated line profiles as on the observations. The resultant 
R-B asymmetry profile shows Red-Blue wing asymmetries with 
amplitudes similar to those obtained from the observed profiles 
(see Fig. |6), although the modeled profile was completely sym- 
metric, only sampled unsymmetrically . The effect apparently 
arises from the finite sampling of the data and is very suscepti- 
ble to noise. In fact, the amplitude of the asymmetry increases 
with velocity as the fractional error in the data points increases 
when moving away from the line centroid. The R-B asymmetry 
profile obtained from this analysis is similar to the R-B asym- 
metry profile obtained from the real data in terms of amplitude 
and sign of asymmetry (maximum amplitude is about +0.08 for 
Vrb < 150 km s _1 for the modeled profiles, see Fig . [6j> . Thus, we 
conclude that within the given signal-to-noise ratio and spectral 
sampling of our data, R-B asymmetry analysis can not detect 
any reliable secondary component. This finding supports the re- 
sult that the Ne vm 770 A line profiles associated with propagat- 
ing disturbances are essentially symmetric in nature. 

IDe Pontieu & Mcintosh! d2010h have shown that a single 
Gaussian fit to a spectral profile, having a quasi-periodic ally 
varying additional faint component of blue-shift emission, can 
result in quasi-periodic modulation of the peak intensity, cen- 
troid and width of a line, and thus could produce a small os- 
cillatory signature in these line parameters. However, in our 
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Fig. 5. Averaged spectral line profiles of N iv 765 A at the root of the propagating disturbances (top panels) at the four epochs of 
enhanced width in N iv (see bottom panel of Fig. [3} and (bottom panels) over the top quarter of the corresponding blue-shifted ridges 
in Ne vm (see second panel of Fig. [3). Profiles are plotted in the order of their occurrence in time. Both the N iv 765 A and Ne vm 
770 A observed spectral profiles (solid histograms) are fitted with a single Gaussian component and constant background (dashed 
lines). The bars in the residual panels indicate the uncertainties of the measurement. Velocity scales are calibrated with respect to 
averaged off-limb wavelength. Vertical dashed lines in all panels mark the position of the fitted line centroid. 



analysis we find the Doppler velocity amplitude of these dis- 
turbances to be relatively large at low latitudes, i.e., +3 km s _1 
(on top of the average plasma outflow speed), which is much 
lar ger than that resulting from the simulations (about 1 km s -1 ) 
of foe Pontieu~& Mcintosh (2010). In fact, the above simula- 
tions could produce larger Doppler shifts by assuming a rel- 
atively large second component that would, howev er, contra- 
dict the rather small intensity increases we observe. iTian et all 
looked at the base of a loop and found in-phase intensity, 
Doppler velocity and li ne-width variations and in terpreted those 
to be due to fast flows. iNishizuka & Haral (1201 ll) also looked at 
greater heights from the same loop foot-point and interpreted 
the propagating disturbances in terms of slow magneto-acoustic 
waves based on similar large-amplitude Doppler velocity oscil- 
lations (5 km s _1 peak-to-peak) with a noticeably correlated in- 
tensity and Doppler velocity and lack of evidence of blueward 
asymmetry in the line profiles. In o ur observations, the result s 
are very similar to those obtained by INishizuka & Haral (1201 lb . 
and thus appear to support the conventional interpretation of 
these disturba nces in term s of slo w magneto-acoustic waves, as 
was done by iMarsh et all d201 lb based on the measured sub- 
sonic speed of propagation. More over, a recent 3D M HD model 
of hot coronal loops developed by Ofman et afj d2012l) shows the 
close relationship between slow waves and impulsive upflows at 



the loop foot-points which were generated by the same impulsive 
events. Thus, in order to distinguish between slow waves and 
quasi-periodic upflows, a detailed analysis of the relationship be- 
tween different oscillation parameters (e.g. period, phase speed, 
phase relations, damping time and length) and loop parameters 
(e.g. loop length, density, temperature and m agnetic field) are re - 
quired as demonstrated and pointed out by Ofm an et aD (120121) . 

4. Conclusion 

In summary, we found presence of propagating disturbances in 
a polar coronal hole as revealed by intensity, velocity and line 
width of the Ne vm 770 A spectral line, with a projected prop- 
agation speed of 60 + 4.8 km s~' and a period «14.5 min. The 
observed disturbances show quasi-periodic enhancement in in- 
tensity in phase with the Doppler blue-shift. At lower latitudes, 
true red-shifts are also observed at some phases of the propa- 
gation. We studied Ne vm spectral line profiles averaged along 
the propagating ridges and found them to be symmetric, to be 
well fitted by a single Gaussian, and to have no noticeable Red- 
Blue asymmetry. Based on our observations and analysis, we 
conclude that the most likely cause for these propagating distur- 
bances in coronal hole regions are slow magneto-acoustic waves. 
Observations at lower heights in the solar atmosphere with the 
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Fig. 6. Variation of Red-Blue (R - B) asymmetry of line profiles with velocities measured from the respective line centroid ( Vrb). 
The continuous black curve is obtained from the observed profile of Ne vm 770 A shown in the first bottom panel of Fig. [5] 
The red and blue curves are obtained from the simulated profile modeled with a single Gaussian and a constant background (with 
parameters similar to the observed profile) but sampled differently with respect to the line centroid. The red curve represents the case 
of maximum asymmetry in sampling (about half a pixel shift from the line centroid) while the blue curve is sampled symmetrically 
and, as such, shows just the effects of noise. 




N rv 765 A spectral line do not show any propagating features in 
any line parameter. However, provides the indication that these 
waves may be caused by small-scale reconnections or explosive 
events occurring at the base of the propagating features. With the 
given propagation speed and velocity amplitude of these waves, 
the energy flux carried by th em is far less than that needed for the 
heatin g of the solar corona (Wang et all l2009at [Kitagawa et al., 
However, these waves may provide additional momen- 
tum for the ac celeration of the fast solar wind in coronal holes 
jOfmanl l2010) and their dissipation could also lead to extended 
heating of the outer coronal holes. 
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